In this study we use a combination of dynamic scanning force microscopy experiments and first-principles simulations to study the imaging process of gold nanoclusters adsorbed on the ͑001͒ surface of KBr. In previous experiments atomic resolution was readily obtained on the KBr substrate. However, it was not possible to resolve atoms within the clusters themselves. This correlates with imaging simulations we present here using several different probable tip models: measurable contrast was readily achieved on the KBr surface and on the gold ͑001͒ surface, but simulations on the clusters demonstrated poor contrast for all tips. We further consider the role of cluster charging in the tip-surface interaction, and the role that surface defects play in the properties of adsorbed clusters.
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I. INTRODUCTION
Much of the research into heterogeneous catalysis remains focused on the properties of small metal nanoclusters adsorbed onto surfaces of single oxide materials. 1 Although these model catalytic systems are far from the real industrial systems, they can provide great insight into the nature of the fundamental reactions at the heart of the catalytic process. Due to their particular relevance as replacements for Pt-or Pd-based catalytic converters in car exhausts, many recent studies have focused on studying the reactivity of small gold clusters. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] These gold nanoclusters are catalytically active only when the size of the cluster is less than about 4 nm. The reason for this increased reactivity remains controversial. 15 The most recent results suggest that primarily the low-coordinated atoms are bonding sites for CO and O 2 , 9, [16] [17] [18] [19] and that the interaction with the substrate 14, 20 or charge transfer could also play a role in the catalysis by gold clusters. 12, 13 Scanning probe microscopy offers an excellent possibility for in situ studies of the properties of nanoclusters, and scanning tunneling microscopy ͑STM͒ has been applied to several model systems, [21] [22] [23] [24] [25] [26] but the requirement of a conducting sample has restricted the STM's access to the important class of insulating surfaces. In principle dynamic scanning force microscopy ͑dynamic SFM͒ [27] [28] [29] offers the capability of imaging both the adsorbed metal clusters and the insulating surface in atomic resolution, hence providing unprecedented information about the cluster structural properties. However, very few attempts have been made to image these kinds of systems in dynamic SFM, [30] [31] [32] [33] [34] [35] mainly due to the technique's slower development compared to STM. A recent dynamic SFM study on gold clusters adsorbed onto the ͑001͒ KBr surface 33 was able to obtain atomic resolution on the surface, but, crucially, could not resolve the clusters at a similar level. In this work, we use a combination of first principles theory and experiment to try and understand SFM imaging of Au on KBr in more detail, and hence suggest methods for improving resolution.
II. METHODS

A. Experimental method
The samples had a purity of 99.7% and were taken from commercial single crystals of KBr ͑Korth Kristalle GmbH͒. The surfaces were prepared by ultra high vacuum ͑UHV͒ cleavage at room temperature parallel to the ͑001͒ cleavage plane of KBr. All the crystals were additionally annealed in an UHV oven between 80 and 100°C for a few hours in order to reduce charges which appear after cleavage. A detailed description of our methods for the preparation and of UHV cleavage induced charging of ionic crystals can be found in Refs. 36 and 37, respectively.
Gold clusters were epitaxially grown by condensing a calibrated beam of neutral gold atoms from a Knudsen cell onto the KBr surface at a crystal temperature of around 100°C. For all experiments we used a constant flux of 1 ϫ 10 13 atoms/ cm 2 s. No nucleation of clusters took place in the gold beam. The base pressure did not exceed 3 ϫ 10 −9 mbar during the deposition. After the deposition, the sample was cooled down to room temperature before taking measurements. The gold deposition and the measurements were taken in the same UHV system.
Experiments were performed with a dynamic SFM ͑Omicron STM/AFM͒ operated at room temperature in UHV with a base pressure in the low 10 −10 mbar range. Dynamic SFM measures the change in frequency ͑detuning ⌬f͒ of an oscillating cantilever due to the interaction of a tip at the end of the cantilever with the surface. [27] [28] [29] In order to measure the detuning with highest precision and utmost stability the system is equipped with a digital demodulator ͑Nanosurf͒. P-doped silicon ͑1.5 ⍀ cm͒ cantilevers ͑Nanosensors͒ were excited to vibration at their resonance frequency with a peakto-peak amplitude ͑A p-p ͒ stabilized to a few nanometers. In order to minimize electrostatic forces originating from residual surface charges, a constant bias voltage U dc was applied at the rear side of the crystal. 36, 37 Imaging the ͑001͒ surface of KBr can be routinely done 36, [38] [39] [40] and is usually easier than for other similar surfaces, e.g., MgO͑001͒. In general, the tip is first approached to the surface and set to scan the surface for more than 30 min without taking images in order to wait until a major amount of creep of the scanner is reduced. Further, during this time the mean voltage for minimizing electrostatic forces due to residual charges can be determined by several ⌬f versus bias voltage curves at different places on the surface. 33 We then choose a spot on a large, atomically flat terrace for imaging with atomic resolution and make the preset value of ⌬f more negative successively from image to image. In between images with atomic resolution, a ⌬f versus distance curve is carried out which is important for the comparison with theory as discussed later. We applied this procedure at many places on the KBr͑001͒ surface and got several series of images with atomic resolution. Images were produced in the constant detuning and constant height mode, 41 more details of the scanning parameters of the measurements presented here can be found further below.
B. Computational details
All calculations were carried out with the periodic SIESTA code, 42 which implements density functional theory ͑DFT͒, using GGA with the Perdew-Burke-Ernzerhof exchangecorrelation functional. 43 All calculations were spin-polarized, and we used standard Troullier-Martins norm-conserving pseudopotentials to represent the core electrons, with scalarrelativistic corrections for Au. As the basis set we used double with polarization for K ͑4s 1 ͒, outer Br-shell ͑4p 5 ͒ as well as inner Au shell ͑5d 10 ͒, double for inner Br shell ͑4s 2 ͒, and triple with double polarization for outer Au shell ͑6s 1 ͒. A change to double with polarization as the gold basis was made for Au͑001͒ surface simulations, as the computational cost of these calculations is heavy due to the system size of more than 100 Au atoms, but the effect on accuracy was minimal. k-point sampling was checked for the surface calculations, and a 2 ϫ 2 ϫ 1 grid proved sufficient for KBr and the Au surface. An energy shift of 25 meV and mesh cutoff of 150 Ry were used, and unconstrained forces were relaxed below 0.02 eV/ Å.
C. Tip and surface setup
The tip used for experiments is nanofabricated from p-doped silicon and carries a thin oxide layer due to a exposure to air prior to its transfer into UHV. During imaging the surface with high or atomic resolution it happens occasionally that tip changes appear at close distances. They are visible by a change of the contrast, especially in the damping image, or in that the tip oscillation breaks down due to strong tip-surface interactions. In these cases the tip frequently changes its atomic configuration due to transfer of material between tip and surface. We therefore consider the case in which the tip is covered with a small amount of material from the surface, i.e., gold or some form of KBr cluster. In order to model these possibilities we considered three different tips: A 13-atom Au minimum energy cluster 44 ͓see Fig.  1͑a͔͒ and two 12-atom KBr clusters, formed from 3 ϫ 2 ϫ 2 atom cuboids ͓see Fig. 1͑b͔͒ , with reversed atom positions and therefore with two different terminating ions, K + and Br − . In all cases a small number ͑five or six͒ of atoms at the top of the tip were frozen to represent the connection to the rest of the macroscopic tip, and all other atoms were allowed to relax completely during simulations. Note that we have chosen a small, 12 atom KBr cluster in order to make the first-principles simulations manageable. Due to the small number of atoms, the tip is generally softer and shows more atomic relaxation than in previous ͑atomistic͒ simulations with a cubic 64 atom KBr cluster. 45 In experiments the gold clusters on the surface are generally of the order 2 -15 nm in apparent lateral size, well beyond the capability of DFT-based imaging simulations. Hence, the main criterion for our cluster selection was to provide a relatively flat, horizontal top facet, which would mimic the larger clusters in experiments. We found that a 26-atom gold cluster ͑10-8 potential Sutton-Chen cluster 44 ͒, seen in Fig. 2 , fulfilled this requirement if we removed one atom from it to form a flat base, and relaxed the whole clus- ter on the surface-the general cluster shape does not change significantly after relaxation. Our simulations demonstrate that the specific adsorption site of the cluster onto the substrate has no significant effect on the properties of the uppermost atoms of the cluster ͑see Sec. IV for further discussion͒. Since these atoms almost exclusively determine the tipsurface interaction, we consider the cluster in Fig. 2 as a good general model of a nanometer sized gold cluster adsorbed on the KBr͑001͒ surface. To model the imaging of larger clusters with almost no effective curvature, we also considered direct imaging of the Au ͑001͒ ͑1 ϫ 5͒ surface. For larger clusters, the influence of the insulating support will be heavily screened at the surface of the cluster, and a gold surface is therefore a good model. Gold clusters are known to present both ͑111͒ and ͑001͒ facets, 46 but the difference with respect to imaging is not significant as both are effectively smooth. Hence, we use the reconstructed Au͑001͒ surface as a model, where the uppermost layer forms hexagonal packing on top of a fcc bulk structure. The unit cell is larger than can be practically implemented in SFM simulations, 47 but it can be modeled with a rather similar ͑1 ϫ 5͒ reconstruction ͑see Fig. 3͒ seen for example in Ir͑001͒, and also initially proposed for Au͑001͒. Our model surface includes 4 ϫ 5 fcc unit cells and one 24 atom hexagonal surface layer, 104 Au atoms in total.
To represent the KBr͑001͒ surface, a four-layer KBr slab was used, with the bottom layer atoms in fixed positions during relaxation. Tests proved that this is deep enough to restrict the relaxations of the second-lowest layer to below 0.1 Å. The size of the surface in the x-y direction was changed according to the process being studied. For simulating images we require a system as small as possible, while still larger than the surface Au cluster and large enough to avoid interactions between periodic images of the tip. For this we found that 4 ϫ 4 surface ͑see Fig. 2͒ was sufficient. Note that this does allow some interaction between the surface gold clusters in images of different periodic simulation cells, but this does not affect the tip-surface interaction. For calculations of charge transfer to the clusters it was important to study isolated clusters on the surface, so we increased the size of the surface to either 6 ϫ 4 or 6ϫ 6, depending on surface features needed in the simulation. In this way we could be sure that the cluster is well separated from its neighbors in the supercell.
D. Simulating SFM
In order to generate images which can be compared to experiment, it is also important to include the long-range macroscopic van der Waals interaction between the tip and surface. This force is effectively controlled by the radius of the tip and Hamaker constant of the system. Since the original tip is likely oxidized silicon, we fix the Hamaker constant at the value A = 6.04ϫ 10 −20 J for SiO 2 interacting with an alkali halide 48 and fit the radius to produce a match with an experimentally measured frequency change versus distance curve. In reality, the Hamaker constant will be effectively increased when the tip is over a gold cluster, but we assume that this contribution is not significant when the tip is larger than the cluster. 49 A tip radius of 4.0 nm provides a good match between experimental and theoretical frequency change versus distance curves.
Finally, the microscopic and macroscopic forces are combined to provide a total map of the force across the surface. This is then used in a simple model 50 of the cantilever oscillations ͑using experimental parameters͒ to provide a simulated image for a given constant frequency change. The simulation method described briefly here is in itself not novel, and greater detail can be found in Ref. 29 . Even when it is the short-range interaction that provides the atomic contrast, the long-range forces have a large effect on determining the tip-sample separation at which the experimental frequency shift is seen, and therefore a large effect on obtained contrast. The dependency of contrast on detuning is here similar in both the experiments and the simulations, increased detuning first increases the contrast, and finally decreases as we approach repulsion. All discussed tip-surface separations are the distances between atom centers of tip apex ion and a reference atom ͑highest in the imaging area͒ in the surface or cluster. Thus the tip is "in contact" with the surface at about 3 Å separation.
III. RESULTS
A. Imaging the ideal KBr (001) surface
The KBr͑001͒ surface has been previously simulated with atomistic calculations, 45 where theoretical force curves were compared with low-temperature experimental site-specific force curves. Although the authors did not achieve quantitative agreement, they could identify the tip used in the experiments as a K + -terminated KBr tip by comparing the force differential curves between surface sites to experiment. The results of our ab initio simulations show both similar, as well different characteristics to the atomistic simulations: the range of separation where the maximum attraction is above the opposite ion is similar, however for the K + -terminated tip the maximum attraction in our simulations is one-third stronger, whereas for the Br − -terminated tip it is one-third weaker. The different results are caused by the different computational method as well as different tip models. Compared to the larger tips of Ref. 45 our tips are less rigid and thus allow more relaxation, and our method includes also electron charge density redistribution in the tip and surface. Here we consider also the appearance of images and the interaction of a Au tip. Imaging simulations were run with all three tips above four surface sites: above a K + ion, above a Br − ion, over the bridging position, and over the unit cell center ͑see inset in Fig. 4͒ . The surface and tip structures were first relaxed separately, and then brought to the smallest atomic separation of 6 Å, where the first constrained relaxation and force calculation took place. At this range the surface-tip DFT force is zero within the error limits. Then the tip is sequentially moved toward the surface with steps of 0.25 Å steps, relaxing the system and calculating the force after each step. Below 4 Å tip-surface separation, we reduced the step size to provide a finer mesh. The calculated force data can then be fitted to continuous force-distance curves for all three tips above the four surface sites, as seen in Fig. 4 .
For a Br − -terminated tip a clear force contrast is seen only below 5 Å, where the interaction over the K + ion is the most attractive. The interaction at the unit cell center is also significant, and produces a contrast pattern in images of a black disk with a white rim. The interaction is quite delocalized due to deformation of the tip-our smaller cuboid tip is softer than the large cube used in previous simulations, 45 and when the apex experiences a strong repulsive interaction ͑over like-ion sites͒ it bends to a more favorable configuration. Figure 5͑a͒ shows an example of an experimental constant height image with a good qualitative agreement with theory image Fig. 5͑b͒ . In this case, Fig. 5͑a͒ was measured just before taking a frequency change versus distance curve. The frequency change versus distance curve was used to fit the long-range part of the tip-surface interaction which is important for the simulations. 51 This allows us to make a comparison between theory and experiment-the good agreement in measured and simulated contrast found here gives us confidence that the theoretical and experimental interactions are comparable.
For a K + -terminated tip a strong force contrast is seen already at large separation, about 5.2 Å. The site above a Br − ion first demonstrates the largest attraction, as expected. Below 5 Å, however, the bridging position is the most attractive site, due to a slight bending of the tip toward Br from the bridging position, whereas above the Br position it is already too close to Br for maximum attraction. This agrees with the behavior seen in experimental force curves 45 at similar distances and also with atomistic simulations of a similarly terminated tip. This tip results in the classic white disk contrast usually associated with simple cubic crystals, and seen in other experiments. 45 Figure 6 shows a comparison between a standard disk-like image of the surface, and a simulated image produced with a K + -terminated tip. Both images here are constant frequency shift images. We see immediately qualitative agreement in the contrast patterns. We emphasize that the difference between computational images is caused by different tip termination, the differences between constant height and constant detuning images were negligible.
For the gold tip the simulations produced images with contrast and contrast pattern similar to Fig. 6 , and in principle cannot be differentiated from imaging with a K + -terminated tip. However, contrast was only achieved at a rather small imaging height, and as the gold tip was much more prone to atomic jumps due to its softness and strong interaction with Br, stable imaging is likely to be much more difficult than with an ionic tip. Two of the force curves shown in Fig. 4͑c͒ end at about 4 Å separation because of such atomic jumps, in which the tip picks up material from the surface. Similar structural changes were encountered when simulating the imaging of gold clusters ͑see Sec. III B͒.
Although here we show that different tip terminations present characteristic contrast patterns which agree with experiment, it is important to understand that this does not provide unambiguous interpretation. Our results indicate that the black disk with a white rim contrast is almost exclusive to a Br − -terminated tip, and the white disk contrast is characteristic for a K + -terminated tip ͑also in agreement with Ref. 45͒. However, we cannot exclude the influence of less ideal tips in the experiments. 52 Here we are merely demonstrating the general plausibility of the tip models, and more extensive efforts in interpretation require other sources of information on the tip or tip-surface interaction. 45
B. Imaging gold clusters
Gold was deposited with a nominal thickness of 0.07 ML on a freshly prepared KBr͑001͒ surface and formed clusters with a mean apparent lateral size of 6 ± 1 nm and a mean apparent height of 1.7± 0.6 nm. Note that the latter sizes were taken from the images without taking the influence of the tip into account so that the clusters had probably a smaller size. During the Au deposition, the substrate was held at a temperature of 100°C in order to crystallize the clusters into a symmetric form. 53 As can be seen in Fig. 7 the clusters decorate mostly steps, which is a well-known phenomenon of gold on surfaces of alkali halides. 54, 55 Only a very small number of clusters are located on terrace sites. Since gold is deposited atom-by-atom in the experiments, to identify likely cluster nucleation sites theoretically we consider the adsorption of a single Au atom on the surface, above and below step-edges, and at anion vacancies ͑F-center F 0 : vacancy with electron, F-center F gold 0 : F 0 filled with a gold atom͒ in the surface and at step-edges. The calculations show that adsorption energies for a single Au atom on the surface and inside the F-center were 0.77 and 3.90 eV, respectively, and there is no energy barrier for filling the vacancy. At step edges, we find adsorption energies of 1.18 and 1.30 eV, above and below the edge respectively, but this increases to 3.70 eV for adsorption in an F-center at the step-edge. If we compare the formation energies of an F-center at the terrace ͑5.4 eV͒ and at a step-edge ͑4.8 eV͒, we see it is more favorable for these F 0 -centers to exist at step-edges, although they are not very mobile on KBr at the maximum temperature ͑100°C͒ of these experiments ͑diffusion barrier: 0.9 eV 56 ͒. In general, the calculations predict that gold clusters are more likely to nucleate at steps, as seen in these and previous experiments.
As already pointed out before, imaging gold clusters with highest resolution is a rather difficult task. 33 Nanometer sized clusters are mostly as large as the asperity of the tip or even smaller so that the asperity of the tip strongly influences the imaging contrast due to long-range tip-cluster interactions. 33 In the extreme case, the cluster is much smaller than the tip size so that the tip is imaged rather than the cluster itself. 33 Despite these difficulties, it should be possible to obtain atomic resolution on top of the clusters with a sharp tip since in this case only the last atoms of the tip interact with the cluster and no influence of tip convolution is present. However, in all cases imaging the top of the cluster with such a resolution failed.
In Fig. 8 we exemplify what happens if a sharp and symmetric tip is successively approached to a cluster from image to image. The series of images in this figure reflect general observations also made in other series performed above other clusters. The tip-cluster distance was successively reduced by making the pre-set value of the detuning more negative after each measurement ͓͑a͒-͑f͔͒. Alongside the topography signal ͑z͒, the residual contrast in the detuning ⌬f image was recorded simultaneously. In the first three images ͓͑a͒-͑c͔͒ a cluster with an apparent size of 5.5 nm is shown. The cluster has a round and fuzzy appearance which does not change with distance. We assume that the cluster had probably the shape of a truncated pyramid, as expected for clusters of such sizes. 57 The threefold symmetry axis is due to ͑111͒ epitaxy which is well known at the early stages of growth of gold clusters on alkali halide surfaces. 46 No atomic contrast could be found on top of the cluster. Between measurement ͑d͒ to ͑e͒ the pre-set value of the detuning was again lowered by 5 Hz approaching the tip further to the cluster. In the middle of image ͑d͒ the tip oscillation broke down two times within a scanning line, but each time the oscillations soon stabilized and imaging could be resumed. Before recording the next image ͑e͒ the pre-set value of the detuning was again lowered by 4 Hz and another such tip instability occurred in image ͑e͒. After a further approach image ͑f͒ was gained without a tip instability. The most interesting observation is that the tip instabilities in the images ͑d͒ and ͑e͒ appeared when the atomic resolution was gained at the step edge of KBr which can be best seen in the detuning images. Gaining atomic resolution on the KBr͑001͒ surface means that the tip's last atom had a distance of only 4 -5 Å ͑see above, and also Ref. 58͒ so that one can anticipate that the tip-cluster distance was also relatively small during recording images starting at ͑c͒. However, a detailed analysis of all images shows no atomic contrast details on top of the cluster. Note that we also performed measurements on the top of other clusters with a much smaller scanning frame in order to observe subtle atomic contrast features with highest resolution. These were never observed, and same characteristics of tip changes always appeared when the tip got too close to the cluster.
Another observation is that the cluster changed its shape ͑d͒ after the tip instabilities. The cluster in ͑d͒ has a rounder top than before ͓͑a͒-͑c͔͒. Although it is impossible to find out how the cluster and/or the tip changed during the tip instabilities, it is obvious that some kind of exchange of particles occurred between tip and cluster during the tip instabilities. Further details and a discussion of the nature of tip-surface convolution when imaging nanoclusters can be found in Ref. 41 .
In order to understand why we did not obtain atomic resolution on top of gold clusters, we performed simulations of the contrast formation of these type of small clusters. Imaging simulations using all three tip models were run above two sites on the Au cluster adsorbed on the KBr surface: above a gold atom and above the center of a hollow site, both in the middle of the almost horizontally aligned top facet. Tip changes and atom jumps were the major features of the gold cluster imaging simulations, similar to KBr surface imaging simulations with the Au tip discussed in the previous section.
The results of the simulations agree well with the experimental observations, with all three tips a clear contrast is missing, as explained in the following and shown in Fig. 9 , showing the DFT force between the tip and cluster above two cluster surface sites. As soon as the tip-cluster distance reaches a distance of 4.5-5.0 Å, atomic contrast can be seen in principle with the the K + tip and the Au tip. However, the corrugation of 0.1 Å ͑determined from simulated frequency shifts͒ is too small to be detected by the force microscope, where noise measures 0.1-0.3 Å at room temperature, in most cases. Also the distance window of 0.5 Å for atomic resolution imaging is very small. The main limiting factors are, however, tip changes and atom jumps between tip and cluster which immediately occur for Br − and Au tips as soon as the tip-cluster distance is below 4.5 Å. These structural changes were a major factor in increasing the interaction strength by bringing atoms into contact ͑for example, responsible for the contrast with Br − tip below 4.2 Å͒, and included rearrangements of cluster atoms, displacement of the whole FIG. 8. ͑Color online͒ Topography ͑z͒ and detuning ͑⌬f͒ images of a gold cluster taken at different distances ͑top→bottom: distance decreases͒. z-value given for each image denotes the corrugation in topography images. In detuning images the contrast is up to 15% of ⌬f. ͑18ϫ 12 nm 2 , 293 kHz tip, k = 48.5 N / m, A p−p =10 nm, U dc = 0.06 V, ͑a͒ ⌬f = −7.7 Hz, z = 1.0 nm, ͑b͒ ⌬f = −17.2 Hz, z = 1.3 nm, ͑c͒ ⌬f = −23.2 Hz, z = 1.5 nm, ͑d͒ ⌬f = −28.1 Hz, z = 1.2 nm, ͑e͒ ⌬f = −32.3 Hz, z = 1.2 nm, ͑f͒ ⌬f = −37.9 Hz, z = 0.9 nm.͒ cluster and some surface atoms toward the tip, and reorientations of the tip with respect to the cluster. To summarize, with the K + tip the interaction is too weak at all distances to produce measurable contrast, and with Br − and Au tips contrast is only available at tip-sample separations where the tip risks entering a region of instability during scanning so that structural changes of the tip-cluster system can occur. The latter modifies strongly the tip-cluster interaction, and likely provokes a tip instability as we frequently observe in our measurements ͑e.g., see Fig. 8 and associated discussion͒. The structural changes seen in simulations would also likely lead to a large dissipation signal in experiments which has been observed in other measurements ͑not shown͒.
In order to investigate the influence of the curvature and instabilities of our cluster, we also considered imaging of the Au ͑001͒ surface. For this large system we consider only simulations with a Br − -tip as this showed the largest contrast, but also the largest instabilities.
The reconstructed Au͑001͒ surface ͑Fig. 3 shows half of the simulation surface͒ is a very densely packed and flat surface, and therefore presents much more stable SFM imaging conditions than the small cluster used in simulations. We simulate imaging above three different surface sites, and force-distance curves are obtained above all sites without large deformations of tip or surface. A small, but clear force contrast between an imaging site above gold atom and a site above empty surface site is seen in Fig. 10 . Using typical experimental imaging parameters this force contrast should produce a 25 pm contrast in topographic SFM imaging, enhanced by a 24.4 pm rise of the gold atom toward the tip when the tip is directly above it. We emphasize the significance of such slight movement of surface atoms during the imaging as the primary source of atomic contrast on an otherwise very difficult monoatomic metallic surface ͑similar results are seen in STM imaging of gold surfaces 29 ͒. As a conclusion, simulations predict that atomic resolution should be attainable on Au͑001͒ surface in very careful experiments, with an electronegative ͑Br − -terminated͒ tip used representing the best possible case for obtaining resolution, whereas small gold clusters are very hard to image because they do not offer rigid flat terraces for stable scanning.
Although we have not imaged surfaces of single gold crystals so far, we believe that atomic resolution imaging should be possible in principle-images recorded in the contact mode on large gold clusters already show the periodicity of the gold lattice, 59 and true atomic resolution imaging in the dynamic mode was already shown for other metallic surfaces such as Cu͑001͒ 60 and Ag͑111͒. 61
IV. CLUSTER CHARGING
As discussed in Sec. I, one of the possible explanations for the increased reactivity of small gold clusters is charge transfer from the surface ͑or from surface defects͒ to the cluster. This changes the bonding configurations of gold atoms at the cluster surface, hence greatly reducing the energy cost of critical dissociation reactions. Although KBr is not itself a relevant substrate in catalysis, the basic physics of charge transfer is likely to be similar to other insulators such as MgO, so we consider it also here.
In studies of supported gold nanoclusters two different methods of preparing clusters are generally used. Either preformed, often size-selected, clusters are soft-landed to the surface ͑kinetic energy Ͻ0.2 eV/atom͒, 13 or single atoms can be deposited on the surface, forming clusters by diffusion, nucleation, and growth on the surface, as in this study. For a cluster formed by atomic deposition we have discussed previously that they are preferentially adsorbed at steps and vacancies, and experimentally they are seen to form on the upper plane of step edges. For soft-landed Au 25 clusters we find that they are strongly bound also to the plain surface, with an adsorption energy of 3.82 eV, and adsorption at a FIG. 9 . ͑Color online͒ Tip-cluster forces, above two surface sites of the Au cluster. In the inset Au denotes the site directly above a gold atom, and H the hollow site between atoms. Note that the Br − tip curves have been raised by a constant force of 0.1 eV/ Å for clarity. For all three tips the force contrast between the two surface sites is small, except for the Br − tip at 4 Å separation, where atomic jumps hinder imaging.
FIG. 10. ͑Color online͒ Force-distance curves above three surface sites of the reconstructed ͑1 ϫ 5͒ Au͑001͒ surface shown in Fig. 3 , imaged with the Br − terminated tip. With typical experimental imaging parameters the force contrast between most attractive and least attractive sites corresponds to a small 0.25 Å contrast in topographic images.
step-edge is actually weaker ͑3.01 eV͒. However, as for grown clusters, adsorption at an F-center is still more favorable with an energy of 4.86 eV. In Table I we show the charge transfer for the 25-atom cluster, presented in Sec. II C, positioned over several different surface sites, modeling both growth modes.
The calculated values are in good agreement with previous results from other substrates. 13 Charge transfer is slightly larger at a step-edge, smaller over a cation vacancy ͑V-center͒ and significantly stronger over F-centers. The most important result obtained, was not, however, the absolute value of the charge transfer, but the different amounts of localization close to the F-center F 0 . For a cluster positioned over a Br-vacancy filled with an Au atom, F gold 0 , all the extra charge transfer compared to the plain surface case lies in the substitutional atom. For a cluster positioned over an unfilled F-center ͑F 0 ͒, the charge does not localize only to the nearest atom ͑only +0.13 e − ͒, but is more widely spread in the cluster ͑see Fig. 11͒ . However, the transfer is still fairly localized at the cluster-surface interface, and the atoms at the top of the cluster are not significantly affected. The charge transfer to the upper Au atoms ͑red ϩ͒ in Fig. 11 is about −0.06 e − , compared to over +0.3 e − for the atoms at the interface ͑blue Ϫ͒. In general, this means that over F 0 -center, the extra charge is much more available to promote reactions on the cluster surface. As we have seen that single Au atom diffusion on the KBr surface leads to the filling of F 0 -centers ͑F 0 → F gold 0 ͒, cluster formation by depositing single Au atoms on the surface may lead to smaller activity than for deposition of preformed clusters. This is in contrast to the MgO ͑001͒ surface, where our calculations show that Au atoms do not fill F 0 -centers due to the smaller lattice constant of MgO ͑2.16 vs 3.47 Å͒. Instead Au atoms adsorb above the F 0 -centers ͑in agreement with previous simulations 13 ͒, producing no reactivity dependence on the growth mechanism.
This amount of charge transfer between the F-center, F 0 or F gold 0 , and a cluster is not expected to have a notable effect on imaging the small clusters. Although in general, charging can affect topographic SFM imaging due to changes in the tip-surface interaction, in this case the charge is localized to the substrate-cluster interface and its interaction with the tip is screened by the metal cluster itself.
However, it is still not clear why a possible charging of large gold clusters, which contain more than 200 atoms, was observed. 33 It could be that these large clusters exhibit different electronic characteristics than clusters below 50 atoms. 62 Another likely explanation lies in a charging of the underlying insulator itself, especially at step-edges, 37 on which we will concentrate in the future.
V. CONCLUSIONS AND FUTURE STUDIES
In this work we have used a combination of dynamic SFM experiments and simulation to study in detail highresolution imaging of Au nanoclusters adsorbed onto the ͑001͒ KBr surface. Our simulations show that for small ͑ϳ1 nm͒ clusters, the small difference in interaction over different cluster sites and the prevalence of tip instabilities makes obtaining atomic resolution very difficult for all probable tips. This demonstrates that the lack of cluster resolution in experiments is not chance, but rather a systematic problem intrinsic to imaging these nanoscale gold clusters.
Further, our calculations suggest that for systems where the crystal Madelung potential favors adsorption of Au atoms within anion vacancies, a systematic dependence of the reactivity on the cluster growth mechanism may be observed. Assuming a dependence of surface-to-cluster charge transfer on cluster reactivity, clusters produced via atom-by-atom growth will tend to be less reactive than clusters directly deposited on the surface.
In general we have shown that while dynamic SFM can be successfully applied for high resolution studies of Au nanoclusters adsorbed on an insulating surface, providing atomic resolution on both surface and clusters remains problematic. Our results suggest some possible approaches for improving the situation:
͑i͒ Resolving the real shape of clusters is directly related to the classic problem of tip-surface convolution. Aside from more obvious improvements such as sharper tips, simulations and experiments suggest that constant height imaging offers better resolution of the cluster shape, on which we concentrate in a more detailed investigation. 41 ͑ii͒ The simulations suggest that the increased stability, i.e., resistance to instabilities, of the Au ͑001͒ surface representing a large, flat cluster facet can provide atomic contrast. However, the contrast is small, dominated by atomic displacements and likely particular to an electronegative tip, providing a significant challenge for experiments.
